The chick embryo has played a major role in the advance of our understanding of embryonic development. It has been particularly helpful in relation to amniotes like the mouse, for unlike the mouse in the early embryo the epiblast is beautifully flat, while in the mouse it is all curled up. Here I briefly describe some history and a few of the major achievements that came from the chick embryo.
Early history
In Hippocratic texts going back to about 460 B.C. there is the view that in the chick the bird is formed from the yolk of the egg and the white is the food, and when there is no food left it hatches (Needham, 1934) . But it was with Aristotle who really initiated the study of development. He opened eggs at different stages and argued that development was similar to the knitting of a net-the origin of the idea of epigenesis. He even used a machine-like analogy to account for the formation of the different organs. He thought the embryo was formed from the white and got its nourishment from the yolk, and emphasised the importance of heat. There was to be for more than a thousand years a debate as to whether the embryo was in fact preformed from the beginning and just grew, or whether as Aristotle proposed, it involved generating all the structures from a relatively very simple beginning-epigenesis. His studies influenced embryology till the 17th century. Little of value was written until Albertus Magnus in the 13 century, who identified the heart on the third day, and mapped out all the constituent organs by the 10th day. Aldrovandus in the 17th century contested some of his findings. Fabricius in 1604 published excellent drawings of chick development and claimed that both the yolk and white are food for the embryo. Harvey in the mid-century gave extensive attention to chick development with an accurate description-he also favoured epigenesis. In 1762 Marcello Malpighi's book De Ovo Incubato appeared based on his use of a simple microscope, and for the first time there was a description of the blastoderm, neural groove, somites and the earliest blood vessels. But he did support preformation as he saw structures when the egg was laid. The next major contribution came from von Haller who also became a preformationist as he saw the yolk as a continuation of the intestine of the chick embryo. But in 1768 Wolff showed that the intestine is not preformed and he supported epigenesis.
The 19th century produced the studies of Pander, von Baer, von Ebner, Hensen, Rauber, Koller, Remak. The century brought staining and sectioning as its main technical advances, along with vast improvements in the quality of microscopes and lenses, and this led to enrichment of the 'observational' period of the earlier centuries. Then came experiments.
As early as 1900 there were experiments to try and destroy the anterior end of the primitive streak, and in 1909 it was shown that preventing the mesoblast from reaching the germ wall resulted in the absence of the formation of blood islands. Lillie (1908) published a remarkably clear description of chick development, but there were very few experiments to refer to. In the 1920s there was further manipulation of the chick embryo. A method for cultivating fragments on the chorio-allantoic membrane was developed. It was shown that the different portions of the limb when so cultured developed precisely according to their fate, including joints. In addition a variety of organs like the eye, ear, and metanephros were shown, by Honor Fell and Julian Huxley among others, to develop well in organ culture (Huxley and De Beer, 1934; Waddington, 1940) . It was also shown that as in amphibia the eye cup could induce a lens in ectoderm that did not normally form a lens (Weiss, 1939) . Waddington (1940) in 1930 was the first to do experiments on the chick similar to that of Spemann on the amphibian embryo by cultivating the embryos in vitro, just 6 years after Spemann's organiser experiment. Waddington showed that the early endoderm, which we currently call the hypoblast, could influence the direction of the primitive streak, and if the endoderm is reversed a new primitive streak can be induced above its posterior end. Moreover there were experiments in which two epiblasts were placed with their mesoderm faces in contact and each induced a neural plate. Emphasis was at that time also put on Hensen's node though it was claimed also not to be essential for development, rather the anterior two thirds of the streak had inducing properties. It was also found that a heat-killed organiser could still induce.
Major developmental concepts due to work on the chick
It was from experiments related to these that Waddington introduced the important new concept of competence, that is the stage when the tissue can respond to induction. Induction only occurs if the reacting tissue has the appropriate properties. Moreover, the time at which a tissue is competent can change with time.
Regulation (developmental plasticity) was introduced by Spratt by showing that cutting an embryo with as many as 50,000 cells can produce embryos from every fragment, quite different from 'lower' animals. Later, similar findings were made in mouse through the use of chimaeras.
Left/right asymmetry is a basic problem and situs inversus was identified as long ago as 1884 when the left side of the embryo was damaged by heating. It was in the chick that the first set of genes that control left -right asymmetry in the embryo were discovered: sonic hedgehog, Nodal and a Type-II Activin-receptor, a study which led to an enormous explosion of work in many other laboratories. Much of this later work was also in chick, which is still probably the organism in which left-right asymmetry is best understood. Interestingly in this particular case, it appears that although two of the genes (Nodal and Pitx2, both first described in chick) play conserved roles in L/R asymmetry in different animals, most of the remainder appear to differ in different vertebrate classes.
Most work on neural induction has been done in amphibians, where the currently dominant model for neural induction proposes that inhibition of BMP signalling is sufficient to induce the nervous system. Signals in the cascade that commits cells to a neural fate are not BMP antagonists, Despite some controversial evidence in amphibians that Fibroblast Growth Factors (FGFs) might also play a role, it was work in the chick which established its role more definitively and revealed that this signal is required to initiate neural development.
It was the result of a chance event at the University of Nantes where Nicole Le Douarin had been offered some quail eggs, by a geneticist there who had an excess of quail eggs. When she saw the quail nucleolus in a section she at once recognised that it was different from that of the chick, and that quail tissue could be used to mark tissues and so follow their movement when grafted into the chick. As Pasteur said, 'Fortune favours the prepared mind'. The use of quail cells transformed the understanding of the migration and development of the neural crest. Using this technique it was shown that Neural crest cells migrate from the boundary dorsal edges of the neural tube and then give rise to a wide variety of tissues from dorsal root ganglia to bone and pigment cells. The neural crest contributes to the bones of the skull. Le Douarin further exploited this technique for studies on the immune system showed the importance of the embryonic thymus epithelium in determining whether a foreign graft to the early embryo would be rejected, and importantly, the difference between T-and B-lymphocytes (for Thymus and Bursa) in both embryonic origin and function in the immune system. Although the Bursa of Fabricius is an avian organ, T-and B-lymphocytes also exist in mammals including man.
The development of somites has been profoundly influenced by studies in the chick. It was in the chick that the first gene whose expression oscillates periodically oscillations on her 1, hairy-1 whose expression changes with a period of 90 min in synchrony with somite formation, were was discovered. Since then many other oscillating genes have been discovered, most of them also initially in the chick, defining a molecular segmentation clock.
The somites gives rise to both axial muscle and that which migrates into the limb. Patterning of the somites along the D/V axis is influenced by signal from the floor plate and notochord which inhibit the development of dorsal structures, muscle and dermis. Sonic hedgehog, expressed ventrally in the tube and notochord, was shown to be required for the survival of both myogenic and chondrogenic lineages. Lateral somite specification comes from signals including BMP 4 from the lateral plate.
Despite the regular arrangement of spinal nerves along the axis, the spinal cord does not contain any such intrinsic segmental information. It was in the chick that it was shown that rather, the driving force resides in the somites themselves, each of which is subdivided into an anterior half, permissive to nerve growth, and a posterior half, inhibitory to nerve growth. The anterior and posterior somite cells repel each other, and that this mutual repulsion generates rigid borders that maintain the segmental arrangement of the future vertebra as well as guiding the position of the dorsal nerves.
Rhombomeres, the segment-like bulges that appear briefly during the early stages of vertebrate hindbrain development, have fascinated comparative embryologists ever since they were first described,some hundred years ago. But whether rhombomeres are really segments or just inconsequential bumps was shown in the chick to have a truly metameric organisation, and that segmentation of the parent neuroepithelium into rhombomeres involves ephrins.
The complex series of inductive events and many transcription factors that regulate dorso-ventral patterning in the spinal cord were also discovered in the chick, including the role of Sonic hedgehog as a key signal from the ventral midline (notochord/floor plate) and TGF-betas from the dorsal midline (roof plate).
Almost everything we know about limb development has been due to work on the chick as the limbs are accessible to manipulation. Two key experiments were those of John Saunders on the removal of the apical ridge (AER) in 1948 which resulted in truncations, and later the grafting of the posterior edge, the polarising region (ZPA) to the anterior margin which resulted in the development of additional digits. The positional information models the gradient model for the antero-posterior axis, and the progress zone model for the proximo-distal axis, for the limb were developed in relation to the chick from these results. Since then there have been intensive investigation of possible mechanisms to account for limb development that include both manipulation and molecular studies, and the studies on chick limbs have been fundamental. For example sonic hedgehog was first identified in the chick polarising region.
Viktor Hamburger in 1934 showed that extirpation of the chick limb bud caused loss of spinal ganglia and of lateral motor cells, while grafting an additional limb bud caused an increase in motor neurones. Grafting a tumour increased neurone survival and led to the identification of nerve growth factor-another major triumph from the chick.
